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A B S T R A C T
Soil tillage with chisel ploughing is the conventional soil management system in chestnut stands for fruit production 
in Northern Portugal. A study was developed to assess the effects of three soil management systems on in situ soil N 
mineralization dynamics, tree nutrition status and fruit productivity, in a 50-yr old chestnut stand. The treatments 
were: conventional tillage with a chisel ploughing twice a year (CT), no-tillage with rainfed improved pasture with 
leguminous and grasses plants (NIP), and no-tillage with spontaneous herbaceous vegetation - natural pasture (NP). 
The CT treatment showed a strong increase of the soil N mineral concentration following soil disturbance by tillage, 
but the cumulative net N mineralized along the year was significantly lower (51.8 kg ha-1) than in the NIP (85.1 kg ha-1) 
treatment. The NP treatment (65.9 kg ha-1) did not cause a reduction in the soil N mineralization when compared to the 
CT treatment. The mineralization rate (g mineralized N kg-1 total N) in 2004 was about 26, 30 and 38 in the treatments 
CT, NP and NIP, respectively. Treatments showed different soil N dynamics, the proportion of mineralized NO3--N 
being lower in the NP (10-48%) than in CT and NIP treatments (53-74%). Our study indicates that no-tillage systems 
improve the tree nutrition status and enhance productivity.
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R E S U M O
A escarificação do solo é o sistema de gestão tradicional das plantações de castanheiro para produção de fruto, no 
Norte de Portugal. Assim, foi desenvolvido um estudo para avaliar três sistemas de gestão do solo quanto à dinâmica 
da mineralização do N, ao estado de nutrição e produtividade, em plantações de castanheiro instaladas há 50 anos. Os 
tratamentos foram: mobilização tradicional com escarificador duas vezes por ano (MT); mobilização nula e instalação 
de pastagem melhorada, isto é, mistura de leguminosas e gramíneas (PM); e mobilização nula com vegetação herbácea 
espontânea - pastagem natural (PN). O tratamento MT mostrou grande acréscimo da concentração N mineral no solo a 
seguir à perturbação pela escarificação, mas a quantidade acumulada de N mineralizado ao longo do ano foi significa-
tivamente menor (51.8 kg ha-1) do que no tratamento PM (85.1 kg ha-1); a quantidade de N mineralizado no tratamento 
MT foi semelhante à determinada no tratamento PN (65.9 kg ha-1). A taxa de mineralização do N (g de N mineralizado 
por kg-1 de N total) em 2004 foi cerca de 26, 30 e 38, respectivamente nos tratamentos MT, PN e PM. A dinâmica da 
mineralização do N variou com os tratamentos, sendo a proporção de NO3- menor em NP (10-48%) do que em CT e NIP 
(53-74%). O estudo confirmou que os sistemas de mobilização nula melhoram a nutrição e a produtividade das árvores. 
Palavras-chave: fósforo, mineralização do azoto, mobilização nula-, N-NH4+, N-NO3-, nutrição das árvores
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Introduction
Chestnut plantations (Castanea sativa Mill.) for fruit 
production are an important agroecosystem in 
Portugal, as they represent an essential source of 
income for rural areas, especially in the country 
Northern Region, where about 84% of the total 
national nut production is produced. In 2012 those 
plantations occupied about 34,814 ha and produced 
19,130 Mg of fruit (INE, 2012). According to several 
authors (Fórum Florestal, 2012) such production is 
underestimated because the statistic data do not 
take into account the nut production associated 
with self-consumption.
Conventionally, chestnut plantations in Portugal 
are intensively managed and subjected to soil 
tillage operations with chisel plow, two or three 
times per year, aiming to control weeds and 
incorporate fertilizers, foliage and other residues 
into the soil, and to facilitate fruit collection 
(Portela et al., 1999; Martins et al., 2005). Besides to 
damage tree root system (Raimundo et al., 2001), 
such soil management may modify the soil organic 
matter status, mineral nitrogen concentration 
and dynamics, and tree nutrition status and 
productivity (Raimundo et al., 2009). Therefore, less 
intensive tillage systems have been experienced, 
including the no-tillage system with herbaceous 
vegetation cover, both natural and improved 
pastures. In the conventional tillage tree litterfall 
residues are incorporated into the soil, whereas in 
no-tillage systems they are maintained on the soil 
surface.
Organic residues on the soil surface have been 
reported to decompose at a slower rate than those 
incorporated (Blevins and Frye, 1993; Burgess et 
al., 2002; Diekow et al., 2005; Raimundo et al., 2008). 
However, the accumulation of organic residues on 
the soil surface in no-tillage systems may increase 
potential N mineralization (Franzluebbers et 
al., 1995; Kandeler et al., 1999; Soon et al., 2001; 
Balota et al., 2004; Wright et al., 2005), and may 
therefore affect the net N mineralization and 
the soil N supply. Nevertheless, a decrease in 
N mineralization was observed in incubations 
under field conditions in no-tillage systems (Brye 
et al., 2003), whereas in other study no effect was 
observed for such a mineralization (Oorts et al., 
2006). In addition, organic residue placement 
modifies soil physical conditions and therefore 
water dynamics and solute transport in the soil 
(Blevins et al., 1983; Raimundo et al., 2002; Fuentes 
et al., 2004). Herbaceous vegetation cover, on the 
other hand, may increase competition for water 
and nutrients (José et al., 2004), may enhance soil 
biological activity (Steenwerth and Belina, 2008; 
Moreno et al., 2009; Ramos et al., 2010 and 2011) and 
may improve the soil nutrient status, particularly 
when it includes a considerable proportion of 
legumes (Pastor et al., 2000; Hernández et al., 2005; 
King and Berry, 2005).
The soil ecological modifications associated with 
the converting conventional tillage to no-tillage 
system with herbaceous vegetation cover may 
affect nutrient availability (especially N) and fruit 
production. In fact, Pardini et al. (2002) reported that 
the cover cropping in vineyards and olive orchards 
under Mediterranean climate is a major problem 
regarding the competition for water and nutrients. 
In this context, cover crops should be mostly 
used in those areas where reduced yields have 
to be compensated by higher quality production 
(Pardini et al., 2002). In contrast, no significant 
differences were found regarding grapevine yield 
between soil tillage and no-tillage treatments 
(both improved pasture and natural vegetation) in 
vineyards (Monteiro and Lopes, 2007; Sweet and 
Schreiner, 2010) and in olive orchards (Hernández 
et al., 2005) under Mediterranean conditions. 
Given the different trends reported for the effects 
of organic residues and herbaceous vegetation 
cover under Mediterranean conditions, it is crucial 
identifying the proper soil management system 
to improve soil quality and to assure ecosystem 
sustainability. Within this context, a field trial was 
installed in autumn 1995, in a 50 year-old chestnut 
stand, occurring under Mediterranean conditions, 
to assess the effects of no-tillage system (associated 
with natural or improved pastures) on soil nutrient 
status and chestnut stand productivity. The effect 
of three soil management systems (conventional 
tillage, no-tillage with spontaneous herbaceous 
vegetation and no-tillage with improved pasture) 
on soil N concentration and N mineralization 
dynamics were compared. It was hypothesized that 
the no-tillage system in chestnut stands leads to (i) 
an increase in soil N availability and to a different 
soil N mineralization dynamics, and (ii) to an 
improvement tree nutrition status and productivity; 
also, it was hypothesized that the improved pasture 
with legumes may have a major effect as compared 
with that exhibited by the natural pasture cover.
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Materials and methods
Site description
The experimental site was established in Northeast 
Portugal (41ᵒ 36’ N, 6ᵒ 56’ W; alt. 760 m), within 
the main chestnut stand region, and located in 
the natural and homogeneous Zone of Bragança 
(Agroconsultores and COBA, 1991). The climate 
is of Mediterranean type with cool wet winters 
and warm dry summers. Monthly rainfall and 
average temperature at the meteorological station 
of Bragança (1961-1990) are shown in the Figure 1. 
At this meteorological station (about 30 km far from 
the study site), the mean annual rainfall is 743 mm, 
mainly concentrated from October to May (85 %) 
and the mean annual temperature is 12.2ᵒC; the 
mean monthly temperature ranges from 4.5ᵒC in 
winter (January) to 21.1ᵒC in summer (August) (IM, 
2007). 
The landscape of the study site is flat to gently 
undulating with slopes varying from 0 to 4%. The 
landscape is made of metamorphic rocks (schists) of 
the Siluric formation (Pereira et al., 2000). The soils 
are mostly Endoleptic and Haplic Regosols (dystric) 
and Endoleptic and Haplic Cambisols (dystric) 
(WRB, 2006). They show a coarse fraction (> 2 mm) 
concentration of about 30%, and a texture ranging 
from loam to silt loam; clay fraction mineralogy is 
mostly associated with the presence of illite and 
mica minerals. Selected soil properties down to 
20 cm depth are shown in the Table 1. The surface 
soil layer (up to 20 cm depth), corresponding 
approximately to the Ah soil horizon, is strongly 
acid, with low organic carbon and extractable 
P concentrations, and high concentration of 
extractable K. Also, it is noteworthy the low soil 
capacity to retain cations, that is the effective cation 
exchange capacity at soil pH (1.93-2.84 cmolc kg-1); 
the aluminium saturation degree reach 30-47%. 
Experiment design
The study was carried out in a field trial installed 
in a 50-year old chestnut stand. Treatments were 
applied in 30 m x 40 m plots and replicated three 
times. Trees were spaced about 12 x 12 m, and 
showed a diameter at breast height of 38.5 cm, a 
height of 8.8 m and a tree crown diameter of about 
10 m; trees cover was about 50% of ground area. 
Organic fertilizers (adapted to the organic chestnut 
production system), rock phosphate (26.5% P2O5) 
and limestone were annually applied (in March) 
in all treatments during the study period (1995-
2003), corresponding to 8.2, 15.3 and 102.8 kg ha-1, 
respectively, of N, P and Ca; amounts for K and Mg 
were about 2.5 kg ha-1. 
Three treatments were used: (CT) conventional 
tillage with a chisel plow up to depth 15 cm, done 
twice in February-March and May-June; (NIP) 
no-tillage with rainfed improved pasture (sown 
leguminous and grass plants); and (NP) no-tillage 
with spontaneous herbaceous vegetation. In NIP 
plots, the pasture (a mixture of Dactilis glomerata 
L., Lolium multiflorum Lam., Trifolium subterraneum 
L., Trifolium repens L. and Trifolium pratense L.) was 
sown in September 1998. Spontaneous herbaceous 
vegetation of the NP treatment was mainly 
composed by Bromus diandrus Roth, Chamaemelum 
mixtum L., Cynosurus cristatus L., Hypochoeris 
radicata L., Ornithopus compressus L., Ornithopus 
perpusillus L., Rumex angiocarpus Murb., Trifolium 
arvense L. and Vulpia bromoides L. The herbaceous 
vegetation in NIP and NP treatments was partially 
controlled by extensive sheep grazing.
Figure 1 - Ombrotermic diagram for the Bragança 
Meteorological Station (period 1961-1990).
Table 1 - Selected top soil characteristics of the Castanea sativa stand where the field experiment was carried out
(a)-By the Egnér-Riehm test; (b)-Extracted by the ammonium acetate at pH 7; (c)-Extracted by the 1M KCl.
Table 1 – Selected top soil characteristics of the Castanea sativa stand where the 
field experiment was carri d out
Depth Org C Total N Extractableª (mg kg-1) pH Exchangeable cations (cmolc kg-1)
cm g kg-1 g kg-1 P K (H2O) Ca2+b Mg2+b K+b Al3+c
0-10 20.8 1.5 17.5 135.4 5.20 1.20 0.36 0.44 0.84
10-20 17.1 1.1 7.7 89.3 5.07 0.54 0.19 0.29 0.91
(a)-By the Egnér-Riehm test; (b)-Extracted by the ammonium acetate at pH 7; (c)-Extracted by the 1M 
KCl.
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Samplings and measurements
The rainfall was daily recorded in the experimental 
area during the study period, using rain gauges 
(RG1, Delta-T Devices) and Logger (CR10X, 
Campbell Scientific).
Sampling to assess soil N and C concentrations 
in treatments was carried out at the beginning 
of each incubation period. Six samples per 
treatment (that is two in each plot) were collected 
in the 0-15 cm soil layer; each sample was a 
composite sample resulting from the mixture 
of four samples taken (approximately at the four 
cardinal points direction) beneath one tree crown, 
randomly chosen. To avoid the effect of soil spatial 
heterogeneity associated with the position relative 
to tree crown (Nunes, 2004) all samples were taken 
approximately at 50% of the distance between tree 
trunk and the limit of canopy vertical projection. 
Soil moisture was determined by the gravimetric 
method, and the sampling design was similar 
to that performed for the N and C concentration 
determination). In the figures, it was decided to 
consider the soil moisture average content of the 
three treatments, given the similarity of values 
observed in a previous study (Raimundo, 2003).
Sampling for foliar analysis was carried out in 
three randomly chosen chestnut trees per plot 
(nine trees per treatment) in 2003 and 2004. A 
composite sample of fully developed leaves light 
exposed, from the middle third of canopy, were 
collected during the two first weeks of September. 
Leaves were dried at 60ᵒC and ground to pass a 
1-mm sieve before analysis for N and P.
Nut production was quantified through the total 
amount of fruits collected in two randomly chosen 
trees per plot (six trees per treatment) in 1999, 
2000, 2002, 2003 and 2004 years. The results are 
expressed in grams of dray matter (DM) per m2 of 
the canopy projection area.
Field N incubations
The N study was carried out in two different 
periods: from March to November 1999, at an early 
development stage of the improved pasture (NIP 
treatment), and from March to December 2004, 
six years after this pasture has been installed. 
Field incubations were performed in two plots per 
treatment, using the sequential coring method 
described by Raison et al. (1987). For each treatment, 
six steel tubes (25 cm length and 5 cm diameter) 
were used for the in situ incubations and other 
six to take out the initial samples. The incubation 
tubes were sharp to minimize soil compaction 
during installation, and the upper extremity was 
covered with plastic to prevent leaching losses, but 
presenting two holes in the top to allow gas exchange. 
The roots were cut off when placing the incubation 
tubes, so the N loss by plant uptake was negligible. 
The tubes were incubated in the 0-15 cm soil layer, 
approximately at middle distance between the 
trunk and the limit of the canopy vertical projection 
area. In 1999, the samplings were carried out on 2 
and 30 March, 28 April, 7 June, 5 July, 2 September, 
11 October and 29 November, corresponding 
respectively, to the following Julian days of the year 
61, 89, 118, 158, 186, 245, 284, 333. In 2004, samplings 
were carried out on 17 March, 15 April, 19 May, 17 
June, 3 August, 7 September, 8 October, 12 November 
and 10 December, corresponding respectively, to 
the following Julian days 76, 105, 139, 173, 215, 250, 
281, 316, 344. Sampling dates were chosen to cover 
all the growing season and to get the effect of soil 
disturbance after chisel ploughing.
Laboratory procedures
Soil analyses were made with the < 2 mm fraction. 
Organic C concentration was determined by 
dry combustion at 1100ᵒC using an elementary 
autoanalyzer (Skalar Primaccs). The total N of 
the soil was released by the Kjeldahl digestion 
(Horneck and Miller, 1998) and determined by 
molecular absorption spectrophotometry (SanPlus, 
Skalar, The Netherlands). The foliar N and P 
concentrations were determined by molecular 
absorption spectrophotometry, after digestion 
with H2SO4 and H2O2 (Mills and Jones, 1996).
The samples corresponding to the field N 
incubations were sieved to 4 mm and divided in two 
subsamples: one for determining the gravimetric 
soil moisture and the other (8 g) was introduced in 
centrifuge tubes, added 40 mL of 2M KCl, shaken 
for one hour and centrifuged for 10 minutes. Soil 
extracts were subjected to dialysis and analysed 
for NH4+-N and NO3--N by automated segmented-
flow analyzer (Houba et al., 1994).
Assuming no N losses to leaching, plant uptake or 
gaseous efflux, net N-mineralization (NMIN) was 
calculated as follows: 
NMIN = N FINAL – N INITIAL
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Statistical analysis
The analysis of variance ANOVA for foliar N and P 
concentration and nut production consider as source 
of variation the year and treatment effect, for soil 
mineral and mineralized N were only compared 
differences among treatments. In both cases it was 
used the JMP (SAS, Institute Inc.) software and for 
the post hoc the Tukey HSD multiple comparison 
test (for a significance level p<0.05).
Results
Soil organic C and total N
At the beginning of the two incubation periods, the 
organic C and total N concentrations (at 0-15 cm 
depth) were determined. For both samplings, these 
concentrations were not significantly different 
between treatments (Table 2). 
Soil mineral N concentration
In March to June 1999, soil NH4+-N and NO3--N 
concentrations were the lowest in the NIP treatment 
(Figure 3). However, in September (245 Julian 
day), soil of NIP treatment showed the highest 
concentrations of NH4+-N and NO3--N (2.3 and 3.0 mg 
kg-1 respectively), which were significantly higher 
than in the other treatments. These soil mineral 
N concentrations occurred after the herbaceous 
vegetation has dried and the August rainfall (65.7 mm 
between 4 and 9 August; Figure 2). The CT treatment 
showed the highest NO3--N concentrations, which 
peaked in samplings following tillage operations 
(when were significantly different than in the other 
treatments), that is in winter and late spring (Julian 
days 56 and 158 days) (Figure 3). 
In 2004, the NIP treatment showed the highest 
soil NH4+-N concentrations along the study 
period, but only in some dates the differences 
were significantly higher than in other treatments 
(Figure 5). The soil NO3--N concentrations were 
higher in the CT treatment, especially in samplings 
following soil perturbation by tillage, which 
occurred in the 42 and 139 Julian days. The highest 
NO3--N concentration (7.4 mg kg-1) was observed in 
the August sampling (Julian day 215), following a 
period in which low rainfall occurred (Figure 4).
Table 2 - Organic C and total N (g kg-1) at the beginning of field N mineralization study. Data are given as mean ± 
standard error, n=6. Treatments: conventional tillage (CT), no-tillage with improved pasture (NIP) and no-
tillage with natural pasture (NP)
In each line, the same letter represents no significant differences (p>0.05) between treatments in each study year.
T ble 2 – Organic C and total N (g kg-1) at the beginning of field N mineralization 
study. Data are given as mean ± standard error, n=6. Treatments: 
conventional tillage (CT), no-tillage with improved pasture (NIP) and no-
till ge with natural pasture (NP)
Depth Organic C Total N
(cm) CT NIP NP CT NIP NP
1999
0-15 20.02±3.57 a 21.30±2.26 a 20.43±3.93 a 1.41±0.02 a 1.50±0.01 a 1.43±0.02 a
2004
0-15 23.0±4.3 a 23.4±4.7 a 23.0±1.7 a 1.43±0.29 a 1.47±0.23 a 1.44±0.14 a
In each line, the same l tter represents no significant differences (p>0.05) between treatments in each 
study year.
Figure 2 - Rainfall (R, vertical bars) and mean air temperature (T, continuous line) in the 1999 study period.
Figure 2 - Rainfall (R, vertical bars) and mean air temperature (T, 
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Average soil mineral N concentration throughout 
the chestnut vegetative cycle was higher in CT 
treatment in both study periods, but no significant 
differences were observed in relation to other 
treatments (Table 3). The CT treatment also 
showed the highest NO3--N concentrations, being 
significantly higher in relation to the NP in both 
years and to the NIP in 2004. The NIP treatment 
showed the highest average NH4+-N concentration 
in 2004 study period, which was significantly 
higher than that measured for the NP treatment. 
Figure 3 - Soil NH4
+-N (A) and NO3
--N (B) concentrations in the 0-15 cm soil layer, during 1999. In the same date, different let-
ters represent significant differences (p<0.05) between treatments. Line bars represent standard error of the mean 
(n=6). Treatments: conventional tillage (CT), improved pasture (NIP) and natural pasture (NP).
Figure 4 - Rainfall (R, vertical bars) and mean air temperature (T, continuous line) in the 2004 study period.
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Net N mineralization
As shown in Figures 6 and 7, the in-situ N 
mineralization was more dependent on the soil 
moisture concentration than on the treatments. In 
all treatments, the NO3--N highest concentration 
occurred during the spring and NH4+-N higher 
concentration occurred in spring and autumn.
In 1999, significant differences among treatments 
occurred mainly in NO3--N mineralized during the 
late summer and autumn, and the highest values 
were observed in the NIP treatment (Figure 6B). 
In 2004, an increasing of NH4+-N mineralized was 
observed, mainly in the NP treatment, reaching 
a maximum value of 0.26 mg kg-1 day-1 in the 
third incubation period (Figure 7A). The NO3--N 
mineralized was higher in the spring, the highest 
values being presented by the NIP treatment 
(Figure 7A).
Figure 5 - Soil NH4
+-N (A) and NO3
--N (B) concentrations at the 0-15 cm soil layer, during 2004. In the same date, different 
letters represent significant differences (p<0.05) between treatments. Line bars represent standard error of the 
mean (n=6). Treatments as in Figure 3.
Table 3 - Soil NH4
+-N (A) and NO3
--N-N and mineral N concentrations (mg kg -1) for all soil samplings in 1999 and 2004 study 
periods. Data are given as mean ± standard error, n=6. Treatments as in Table 2
In the same line, different letters represent significant differences (p<0.05) between treatments in each study year
Table 3 – Soil NH4+-N, NO3--N and mineral N concentrations (mg kg-1) for all soil 
samplings in 1999 and 2004 study periods. Data are given as mean ±
standard error, n=6. Treatments as in Table 2
1999 2004
CT NIP NP CT NIP NP
NH4+-N 1.33±0.28 a 1.32±0.23 a 1.45±0.30 a 1.75±0.37 ab 3.40±0.63 a 1.47±0.38 b
NO3--N 1.94±0.46 a 0.92±0.37 ab 0.62±0.20 b 2.56±0.99 a 0.43±0.09 b 0.12±0.06 b
Mineral N 3.27±0.49 a 2.24±0.55 a 2.07±0.30 a 4.30±1.07 a 3.82±0.66 a 1.59±0.42 a
In the sam  lin , diff rent letters represent significant diff rences (p<0.05) betw en treatments in each 
study year 
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The cumulative amount of net N mineralized, at 
the end of the 1999 period (272 days), was 46.4, 71.7 
and 58.3 kg ha-1 for the CT, NIP and NP treatments, 
respectively, and value regarding NIP being 
significantly higher than in other treatments (Table 
4); similar difference was observed for the amount 
of net NO3--N mineralized. The cumulative amount 
of net NH4+-N mineralized was significantly higher 
in the PN (30.4 kg ha-1) than in the PIN (21.3 kg ha-1) 
and CT (12.2 kg ha-1) treatments. The proportion of 
NO3--N in soil mineral N was 74.2, 70.3 and 47.9% for 
the CT, NIP and NP treatments, respectively. 
At the end of 2004 study period (268 days), the 
cumulative amount of net N mineralized in the NIP 
(85.1 kg ha-1) was significantly higher than in the 
CT (51.8 kg ha-1) treatment (Table 4); the amount of 
cumulative net NO3--N mineralized was significantly 
higher the former than in the other treatments. 
In contrast, the highest cumulative amount of net 
NH4+-N mineralized was observed in the PN (59.3 kg 
ha-1) treatment, being significantly higher than in the 
CT (22.0 kg ha-1) treatment. The proportion of NO3--N 
was 57.5, 53.1 and 10.0% of the soil N mineral, for the 
CT, NIP and NP treatments, respectively. 
Figure 6 - Soil NH4
+
-N (A) and NO3
-- N (B) net mineralization (vertical bars) at the 0-15 cm soil layer, and soil moisture con-
tent (continuous line), for each incubation period, during 1999. In the same date, different letters represent signifi-
cant differences (p<0.05) between treatments. Line bars represent standard error of the mean (n=6). Treatments as 
Table 4 - Cumulative soil NH4
+- N (A) and NO3
-- N and mineral N net mineralization (kg ha-1) for 1999 and 2004 
incubation periods. Data are given as mean ± standard error, n=6. Treatment symbols as in Table 2
In the same line, different letters represents significant differences (p<0.05) between treatments in each study year
Table 4 – Cumulative soil NH4+-N, NO3--N and mineral N net mineralization (kg ha-1)
for 1999 and 2004 incubation periods. Data are given as mean ± standard 
error, n=6. Treatment symbols as in Table 2
1999 2004
CT NIP NP CT NIP NP
NH4+-N 12.2±1.4 c 21.3±2.8 b 30.4±0.7 a 22.0±3.3 b 39.9±7.1 ab 59.3±6.4 a
NO3--N 34.2±0.6 b 50.4±1.6 a 27.9±2.4 b 29.8±4.3 b 45.2±4.2 a 6.6±0.7 c
Mineral N 46.4±1.4 c 71.7±4.2 a 58.3±1.9 b 51.8±4.0 b 85.1±10.6 a 65.9±5.8 ab
In t  same line, diff r nt lett rs represents significant differ c s (p<0.05) betwe n treatments in each 
study year 
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The N mineralization rate (i.e., g mineralized N 
per kg total N), considering the total soil N up to 15 
cm depth, was lower in the CT treatment (23.3 and 
26.0 in 1999 and 2004, respectively) than in NIP 
(31.1 and 38.2) and NP (26.6 and 30.2) treatments.
Foliar N and P concentrations 
The results corresponding to foliar N and 
P concentrations and to nut production are 
reported in the Tables 5 and 6. Regarding foliar 
N concentration, the greatest source of variation 
(37.8%) was associated with the years; the variation 
associated with the treatments was only 27.2%. In 
the case of foliar P concentration, the source of 
variation associated with treatments (41.5%) was 
much greater than that regarding the years (16.7%). 
In both cases a considerable error (variation 
associated with trees) was observed (35.1 and 
41.8% for N and P, respectively) (Table 5). 
Significant differences between treatments and 
years on foliar N and P concentrations were 
observed (Table 6). For instance, the foliar N 
concentration in 2003 (15.5 mg g-1) was significantly 
lower than in 2004 (17.8 mg g-1). Foliage of trees 
from the CT treatment showed significantly lower 
N (15.1 mg g-1) and P (2.13 mg g-1) concentrations in 
relation to those measured in the NIP (17.6 and 2.59 
mg g-1) and NP (17.3 and 2.63 mg g-1) treatments.
Fruit production
The influence of the treatments as source of 
variation (Table 5) on nut production (13.8%) was 
higher than that associated with the years (6.5%), 
but a considerable error (variation associated with 
trees) was observed (79.7%).
Significant differences between treatments 
regarding nut production were observed (Table 6). 
The CT treatment showed the lowest production 
(131.5 g m-2), which was significantly lower than 
that measured in the NIP (174.2 g m-2) and NP (183.9 
g m-2) treatments. Despite the large differences of 
nut production observed between years, they were 
not significant. 
Figure 7 - Soil NH4
+
-N (A) and NO3
-- N (B) net mineralization (vertical bars) at the 0-15 cm soil layer, and soil moisture content 
(continuous line), for each incubation period, during 2004. In the same date, different letters represent significant 
differences (p<0.05) between treatments. Line bars represent standard error of the mean (n=6). Treatments as in Fig. 3.
Figure 7 – Soil NH4+-N (A) and NO3--N (B) net mineralization (vertical 
bars) at the 0-15 cm soil layer, and soil moisture content 
(continuous line), for each incubation period, during 2004. In 
the same date, different letters represent significant differences 
(p<0.05) between treatments. Line b rs represent standard
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Table 5 - Analysis of variance of the effect of years and treatments on foliar N and P concentrations and fruit 
Table 5 – Analysis of variance of the effect of years and treatments on 
foliar N and P concentrations and fruit production
Source of variation df Mean square F-value P-value Expected variation (%)
Foliar N concentration
Years (Y) 1 68.88 30.06 <0.0001 37.8
Treatments (T) 2 34.23 14.93 <0.0001 27.2
Error (trees/T/Y) 48 2.29 35.1
Foliar P concentration
Years (Y) 1 0.86 11.774 0.0012 16.7
Treatments (T) 2 1.38 18.848 <0.0001 41.5
Error (trees/T/Y) 48 0.07 41.8
Nut production
Years (Y) 4 9293.71 2.47 0.0519 6.5
Treatments (T) 2 23331.09 6.20 <0.0032 13.8
Error (trees/T/Y) 75 3764.15 79.7
Table 6 - Foliar N and P concentration (mg g-1) and fruit (g DM m-2 of the canopy projection area) production 
according to years and treatments
Table 6 – Foliar N and P concentration (mg g-1) and fruit (g DM m-2
of the canopy projection area) production according to 
years and treatments
Year n Mean ± SE Treatment n Mean ± SE
Foliar N concentration
2003 27 15.5±0.3 b CT 18 15.1±0.4 b
2004 27 17.8±0.4 a NIP 18 17.6±0.4 a
NP 18 17.3±0.5 a
Foliar P concentration
2003 27 2.33±0.06 b CT 18 2.13±0.07 b
2004 27 2.58±0.07 a NIP 18 2.59±0.05 a
NP 18 2.63±0.08 a
Nut production
1999 18 126.5±11.0 a CT 30 131.5±7.2 b
2000 18 170.7±16.4 a NIP 30 174.2±11.0 a
2002 18 157.0±16.0 a NP 30 183.9±11.0 a
2003 18 182.3±15.4 a
2004 18 179.4±15.5 a
In the same column, different letters represent significant differences between 
years or treatments (p<0.05)
In the same colu n, different letters represent sig ificant differences between years or treatments (p<0.05)
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Discussion
Mineral N dynamics
A strong variation on N soil mineralization along 
the year was observed in the present study, the 
amounts in spring and autumn being much 
greater than in winter and summer, suggesting a 
close relationship between soil N mineralization 
and temperature and moisture soil conditions. 
This variation seasonal pattern is in agreement 
with results reported by several authors in studies 
on N mineralization dynamics conducted in 
agroforestry (Gallardo et al., 2000; Nunes et al., 
2012) and forestry (Rapp, 1990) systems under 
Mediterranean environment. 
Despite similar soil N total content (see Table 2) 
observed in the conventional tillage and no-tillage 
(with natural or improved pastures) treatments, 
the amount of mineralized N was higher in the 
latter, especially in 2004. In addition, the amounts 
and proportion of NO3--N and NH4+-N were quite 
different, especially five years after the experiment 
beginning (see Table 4). These trends indicate that 
the dynamics of N mineralization is also dependent 
on factors other than moisture and temperature 
conditions, such as the soil management system. 
This confirms the hypothesis that the non-tillage 
system leads to higher N availability and different 
N mineralization dynamics, which is in accordance 
with results reported by Nunes et al. (2012), who 
found that other relevant factors beyond water and 
temperature are involved in nitrification process in 
soils of Holm oak woodlands.
The amount of mineralized N was the lowest in 
the conventional tillage system, but the highest soil 
NO3--N concentrations throughout the chestnut 
vegetative cycle were observed in this treatment 
for few sampling dates, following tillage operations 
(mainly during spring). The soil NO3--N maximum 
concentration (7.4 mg kg-1) was observed in 2004, 
when rainfall was very low (139-215 Julian days) 
(see Figure 5). This trend is in agreement with 
that reported by Steenwerth and Belina (2008) in a 
study which compared tillage and two cover crops 
(xTriticosecale and Secale cereale), in a vineyard in 
Mediterranean conditions; it also agrees with 
results regarding no-tillage effects on N availability 
for agricultural crops (Grandy et al., 2006; Gómez-
Rey et al., 2012a) under temperate humid climate. 
Since the N mineralization in conventional tillage 
treatment was lower than in the others, the soil 
NO3--N concentration increasing following tillage 
may be related to the soil perturbation associated 
with tillage operations, and may be explained by 
the lower N absorption by the plants, because the 
damage of tree roots and herbaceous vegetation 
(Raimundo, 2001) following soil perturbation.
In the year 1999, soil NH4+-N and NO3--N showed 
the lowest concentration in improved pasture from 
61 to 158 Julian days (see Figure 3). This result is 
probably due to the pasture installation in the 
previous autumn and Rhizobium would be in an 
early activity phase, thus it is expected a higher 
N absorption in the following spring due to the 
increase of herbaceous vegetation.
The significantly higher amount of N mineralized 
in the no tillage treatment with improved pasture 
during the two incubation periods may be 
associated with the amount of legumes present 
in the plant cover. In fact, the biomass of legumes 
measured in the study site in 1999 (Raimundo, 2003) 
was 194.0 and 9.7 g m-2 (dry weight) in improved 
and natural pasture treatments, respectively. 
The increment of N mineralized in the improved 
pasture treatment started during the first autumn 
after pasture installation. In a later stage of the 
experiment (2004), when the system was already 
stabilized, significant differences regarding the 
amount of mineralized N were observed mainly 
in the early spring. This trend agrees with 
that reported by Gómez-Rey et al. (2012b) for a 
Mediterranean agroforestry system (evergreen oak 
woodland), where improved pastures with high 
proportion of legumes strongly enhanced soil N 
availability during spring due to the greater net N 
mineralization. As in the present study the amount 
of soil N was similar among treatments, the higher 
amount of mineralized N in the treatment with 
improved pasture may be mostly associated with 
a different N dynamics, that is, with an higher 
N mineralization rate, as reported for improved 
pastures in southern Portugal (Gómez-Rey et al., 
2012b). 
The treatment with natural pasture cover 
also showed a higher mineralized N and 
N mineralization rate than in conventional 
cultivation system, suggesting that even in the 
presence of negligible amounts of legumes the soil 
N dynamics may be favoured. This trend agrees 
with the results reported by Steenwerth and Belina 
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(2008), showing that soil cover crops other than 
legumes also enhanced the soil N dynamics and 
microbiological functions of N mineralization, 
nitrification and denitrification, as compared 
with cultivated soils in Mediterranean vineyard 
agroecosystems.
Besides differences related to the amounts of 
mineralized N, our results also indicate that 
treatments led to different proportions of NO3--N 
and NH4+-N both seasonally and globally. In fact, 
the conventional tillage treatment showed the 
highest proportion of NO3--N (58%), while the no 
tillage with natural cover showed the lowest (10%); 
however, the latter showed the highest proportion 
of NH4+-N (90%). These results suggest that the 
no tillage system with natural pasture may also 
contribute to reduce N losses by leaching especially 
during the wet season. In short, our results confirm 
the hypothesis that no tillage system determines 
different N soil dynamics and N availability. 
Tree nutrition status and productivity
Differences in soil treatments regarding the 
pattern o N mineralization during the annual 
growing season also affected the N tree nutrition 
status. In fact, tree foliage in the conventional 
tillage treatment showed a significantly lower 
N concentration than in no tillage with both 
natural pasture and improved pasture treatments. 
Although this pattern correlates well with the 
higher N availability in no tillage treatments, it may 
be also associated with the damage of tree roots 
in the top soil layer caused by tillage operations, 
being predictable that in the months following 
soil disturbance less N should be absorbed by 
trees. Then, as reported by Raimundo (2003) and 
Raimundo et al. (2001), the root system of chest 
nut trees in conventional tillage system is mostly 
located below the depth affected by ploughing. 
This pattern is in accordance with Pastor (1991) 
who reported that, in Mediterranean conditions, 
the damage of olive tree root system is one of 
the main reasons for the lower fruit production 
in conventional tillage than in no-tillage system, 
especially in years when strong drought occurred. 
It should be emphasized, however, that N 
availability in natural pasture was less than in 
improved pasture treatments (see Table 3), but N 
foliar concentration was similar, suggesting that 
improved foliar N concentration was not associated 
with legume biomass increment in the improved 
pasture (Raimundo, 2003). Such trend also indicates 
that improvement of tree nutrition status regarding 
N was mostly associated with the avoidance of 
root system damage by chisel ploughing. The 
improvement of N tree nutrition can be assured 
by no-tillage system along natural pasture cover, 
which seems to be an effective management 
strategy to enhance the soil N-supplying power 
over the long-term and to improve soil quality 
(Ramos et al., 2011). Such management system, 
as compared with improved pasture cover, may 
also minimize competition for water, a key factor 
for productivity under Mediterranean ecological 
conditions (Pardini, 2002). 
It is noteworthy that the increment of foliar N 
concentration was associated with improved P 
nutrition status in both non-tillage treatments. This 
may be associated with more mycorrhizal fungi 
in no-till treatments that enhance the absorbing 
surface of the tree root system. Indeed, Galvez et al. 
(2001) and Kabir (2005) reported that conservation 
tillage increases mycorrhizal fungi survival, 
consequently improving plant phosphorus uptake. 
Also, Martins et al. (2011) reported greater edible 
mushroom production and sporocarp biodiversity 
in no-till than in tillage treatments in chestnut 
plantations close the site of the present study. 
Therefore, the hypothesis that the no-tillage 
systems lead to an improvement of tree nutrition 
status in chestnut stands was fully confirmed.
Our results also show the positive effect on fruit 
yield by replacing the conventional tillage for 
the no-tillage system with herbaceous vegetation 
cover, which confirms the second study 
hypothesis. This trend is in agreement with the 
results reported by Martins et al. (2011) for a study 
developed in a similar site with adult chestnut 
stands, where the same treatments were applied, 
in which significantly lower yields were observed 
in the tillage treatment than in no-tillage with 
spontaneous herbaceous vegetation cover. Also, 
in similar Mediterranean conditions, Ferreira et 
al. (2013) reported greater production for the no 
tillage system in rainfed olive orchards. However, 
our findings are not in agreement with results 
obtained for the yield production in other systems: 
for example, in olive orchards Hernández et al. 
(2005) found no significant differences in the yields 
between soil tillage and the natural and improved 
pastures. Also, in a non-irrigated vineyard 
growing in a Mediterranean climate, Monteiro and 
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Lopes (2007) reported that natural and improved 
pastures showed a significant reduction in vine 
vegetative growth, but not affected grapevine yield 
or berry sugar accumulation compared with the 
tillage treatment. In an almond orchard, Ramos et 
al. (2010) reported that the cover crops in semiarid 
environments improve soil quality as compared 
with frequently tilled management, and that only 
high water extraction by the plants could affect the 
orchard development and/or productivity.
Despite the higher N availability in the no tillage 
system with improved pasture as compared with 
that with natural pasture, the nut production 
was even higher in the latter than in the former. 
Therefore, the possible positive effect of herbaceous 
cover on fruit productivity enhancement (Pulido 
et al., 2010) was not observed. This trend may 
be ascribed to the larger competition for water 
between chestnut trees and improved pasture 
under Mediterranean conditions, as competition 
for resources in agroforestry systems is a frequent 
phenomenon (José et al., 2004). In addition, 
foreseen strong changes in seasonal rainfall in 
Mediterranean climate (Miranda et al., 2002) may 
alter this pattern, as the length of rainfall and 
summer drought periods may influence resources 
availability and productivity (Schwinning and 
Ehleringer, 2001). 
It seems clear that, for the conditions under 
which the study was conducted and to ensure 
the sustainability of chestnut stands, is of utmost 
importance to replace the conventional tillage 
with chisel plow by no-tillage with soil cover with 
herbaceous vegetation. The spontaneous vegetation 
maintenance (that is, natural pasture), due to its 
adaptation, is a system that can be recommended; 
however, to prevent eventual competition for water 
and possible yield losses, vegetation cover should 
be early removed. Despite the positive effect of 
improved pastures on N availability, these pastures 
are costly and enhance competition for water 
resources. Also, it should be taken into account 
that eventual risks can arise if the introduction of 
new herbaceous taxa is associated with improved 
pastures (Driscoll et al., 2015). The use of no-tillage 
system along with natural pasture cover may be an 
effective management strategy for enhancing the 
productive capacity and environmental quality of 
chestnut stands. 
Conclusions
The conventional soil tillage in chestnut plantations 
enhances the soil N mineral concentration after 
soil perturbation, but the cumulative amount of 
net N mineralized along the year is lower than 
that measured in the no-tillage system. The no-
tillage system with improved pasture cover 
strongly increases the amount of mineralized N. 
Our results suggest that soil N dynamics depends 
on treatments, as the proportion of NO3--N in the 
natural pasture cover was the lowest among the 
treatments. Furthermore, they indicate that the 
replacement of the conventional soil tillage by 
the no-tillage system with herbaceous vegetation 
cover in chestnut stands is an indispensable 
management measure to improve plant nutrition 
status, productivity and system sustainability; 
also, the no-tillage system may improve soil 
quality and avoid the erosion process. This trend 
was observed in the no-tillage system with both 
natural and improved pasture cover. Improved 
pasture cover may strongly increase N atmospheric 
inputs, but its higher productivity may lead to 
stronger competition for water and nutrients and 
possible yield losses. Due to its adaptation and 
low costs involved, the natural pasture cover is 
a recommended soil management system for the 
chestnut stands, leading also to low competition 
problems and avoiding eventual environmental 
risks associated with nitrogen leaching and new 
pasture taxa. In short, ecological and economical 
benefits justify the no-tillage system, especially 
with natural pasture cover. 
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